The effect of surface bond reconstruction ͑SBR͒ of Si contact surfaces on phonon transport in Si atomic wire is investigated. Green's function method is applied to calculate the thermal conductance and local heat currents. Results show that the phonon transport in atomic wires is enhanced significantly by SBR at the thermal contact surface. A blue shift for phonon transmission function is induced by the SBR.
I. INTRODUCTION
There has been numerous research works on thermal conduction in nanoscale structures due to its significance in nanoscale device designs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 18 In recent years, the powerful Green's function method has been used to investigate the phonon transport in nanoscale atomistic system. [10] [11] [12] [13] [14] This method provides an efficient computational way to determine various phonon transport properties such as the density of states ͑DOS͒, thermal conductance, and local heat currents. All the physical concepts of phonon transport can be clearly revealed within the framework of Green's function method.
So far, there was no systematic works on the significant effect of thermal contacts on phonon transport in atomic or molecular wire. From the point of view of Büttiker and Caroli formula for thermal conductance, the phonon transport is closely related to the phonon surface DOS of the thermal contacts and to the scatterings of the incident phonon waves ͑from deep inside the thermal contact͒ propagating through the contact interfaces ͑between the contacts and the atomic wire͒ and the atomic wire. Previously, we have investigated the scatterings of phonons by pyramidal contact interfaces with both the thermal contacts and the atomic wire being made of gold. We analyzed the transmission of phonon waves with various wave vectors and studied the effect of the size of the contact interfaces on thermal conductance. 14 There is another factor originating from the surface of the thermal contacts that also affects the phonon transport in atomic wire. Due to the surface bond reconstructions ͑SBRs͒, both the bond strengths and interatomic distances around the contact surfaces are modified compared to those deep inside the contacts ͑bulk͒. This causes the interatomic potentials and hence the interatomic elastic constants around the contact surface differ from those deep inside the contacts. The modifications of the interatomic elastic constants around the contact surfaces would change the phonon surface DOS for the contacts and would affect the scattering of various incident phonons propagating through the wire. It is then expected that the SBR near the contact surfaces modifies the thermal conductance in an atomic wire which is connected ͑by bond coupling͒ between two thermal contacts at different temperatures. In our previous paper, 15 we have studied the effect of SBR of a circular Si wire on the phonon spectrum and the thermal conductivity of the wire. We found that the SBR of a Si wire causes a decrease in phonon frequencies and an increase in thermal conductivity. In this paper, we further our investigation to study how the thermal conductance of an atomic wire is modified by SBR of the contact surfaces. For demonstration purpose, we use the well-known semiconductor material Si for the thermal contacts. In principle, we need to find out the SBR for Si first and then determine the modification of the interatomic elastic constants near the contact surface. Due to the complexity and difficulty of the accurate calculation of SBR near a Si surface, we instead use a simplified theoretical model for SBR near a Si surface. According to Sun et al., 16 SBR only occurs in the first three layers of atoms ͑denoted by i =1,2,3͒ near the surface. The averaged bond contraction coefficient between the layer i and the layer i + 1 of atoms is given by
, where d 0 and z 0 denote bond length or interlayer distance and atomic coordination number in the bulk, respectively. And z i , i =1,2 is the real atomic coordination number. Furthermore, the modified bond energy i ͑due to bond contraction͒ between the layer i and layer i + 1 is given by i = 0 ͑d i / d 0 ͒ −m , where 0 denotes the bond energy in the bulk. Sun 17 proposed that for Si, z 1 =4, z 2 =6, z 0 = 12, and m = 4.88. We will take the ͑0,0,1͒ face as the Si contact surface. For simplicity of calculation, we assume that there is no bond contraction in all the atomic layers, which are parallel to the contact surface ͑0,0,1͒. The bond contribution only occurs between the first and the second layers and between the second and the third layers ͓Fig. 1͑b͔͒. Under this assumption, the two dimensional periodicity in the direction parallel to the contact surface remains unchanged in the presence of SBR. Our result shows that the simplified approach adopted by us provides physical insight into the effect of SBR of the contact surfaces on phonon transport in the atomic wire. In the next section, we provide the details of our theoretical approach. In the last section, our physical analysis of the results will be given.
II. THEORY
We consider the phonon transport in the system which consists of two semi-infinite thermal contacts made of Si and an atomic wire. The atomic wire is coupled by bonds to the thermal contacts, as shown in Fig. 1 . As is mentioned above, the surface of the contacts is set equal to the ͑0,0,1͒ face of Si which has F.C.C ͑Face-Centered Cubic͒ structure and a basis of two Si atoms. Usually, each of the two semi-infinite contacts is assumed to be in thermal equilibrium at fixed temperature. In reality, there should be a temperature gradient around the contact interface due to the transmission of phonons into the wire. To take this factor into account, a region LD in the left contact ͑as well as a region RD in the right contact͒ around the atom ͑on the contact surface͒ coupled to the atomic wire is treated as a part of the atomic wire ͓Fig. 1͑a͔͒. 11 The remaining part of the Si thermal contact is then assumed to be in thermal equilibrium at fixed temperature. The original atomic wire D together with the regions LD and RD are treated as a whole wire W being coupled to the two thermal contacts. The nonequilibrium thermal properties in the whole wire W such as the local heat current and phonon number can be calculated using the nonequilibrium Green's functions. The regions LD and RD will be set equal to a unit cube of Si ͓Fig. 1͑b͔͒. We use the Lennard-Jones potential for the two body interaction. As is mentioned in Sec. I, the SBR model by Sun et al. 16 tells us that at a distance more than three atomic layers from the contact surface there is no bond contraction. The harmonic approximation of Lennard-Jones potential is given by
where ␦d is the change in the interatomic distance. Within the first three atomic layers around the contact surface, there are bond contractions between neighboring layers ͓as shown in Fig. 1͑b͔͒ . The harmonic approximation of Lennard-Jones potential between an atom in layer i and an atom in layer i +1 ͑i =1,2͒ is then given by
Following Mingo, we also take into account the contribution of a three body interaction to the dynamical matrix. This three body interaction is due to the bond angle deformation
We now mention about the calculation steps in the following.
First of all, we use the two body and three body interactions given by Eqs. ͑1͒-͑3͒ to calculate the dynamical matrix for the Si contacts. Then, we use the decimation method to calculate the retarded Green's function of the isolated Si contacts. The retarded Green's function restricted to LD ͑RD͒ is denoted by g LD ͓͑͒g RD ͔͑͒. The self energy ⌺ LD R ͑͒ due to the coupling between LD and the remaining part of the left Si contact is determined by the equation
where D LD ͑D RD ͒ is the dynamical matrix in LD ͑RD͒ and M is the mass of a Si atom. The coupling self energy ⌺ RD R ͑͒ is calculated in a similar way. The dynamical matrix of the wire W =LD+D + RD can be expressed in the following form:
͑5͒
We use t l and t r for the coupling between D and the region LD ͑RD͒ ͓Fig. 
With this Green's function, the thermal conductance of the wire is determined in the following way:
where
is the transmission function and ⌫ L,R ͑͒ =−2 Im͓⌺ LD,RD R ͔͑͒. Finally, nonequilibrium thermal properties in the region LD ͑which is at a higher temperature than RD͒ such as the local heat currents and the phonon number on an atom can be obtained using the formula
and
where i, j denote the atoms in consideration.
III. RESULTS
In order to obtain some physical insight into the effect of SBR on phonon transport in atomic wire, we carried out the numerical computation for the contact surface DOS, transmission function and thermal conductance. Without loss of generality, we considered an atomic wire which consists of two Si atoms. Due to the fact that the left ͑right͒ end atom of the wire is coupled to the left ͑right͒ Si contact by several bonds while there is only one single bond between the left and right end atoms, we expect that the left and right coupling bond strengths of the contacts are much stronger than the bond strength between the two atoms. This can be effectively modeled by three coupling force constants t l , t r , and t m , with t l and t r being much greater than t m , where t l ͑t r ͒ is the coupling force constant between the left ͑right͒ end atom of the wire and an atom on the left ͑right͒ contact surface, and t m is the coupling force constant between the two atoms of the wire. We assume that the atoms in the wire only oscillate in the direction along the wire, for convenience of calculation. We will use t l = t r = 3.16 eV/ Å 2 and t m = 0.316 eV/ Å 2 .
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The bulk Si single bond strength, the bulk Si bond length, and the elastic force constant for the bond angle deformation C ͓Eq. ͑3͔͒ are set equal to 0.682 eV, 2.35 Å, and 1.07 eV, respectively.
As is mentioned in Sec. II, the regions LD and RD in the contacts should be treated as a part of the wire when we need to calculate nonequilibrium thermal properties around the contact interface ͑between the contact and the wire͒. For simplicity of physical analysis on phonon transport, however, one would simply assume that there is no temperature gradient in the Si contacts around the contact interfaces and then there is no need to include the regions LD and RD into the wire. Under this simplification, the coupling self energies ⌺ LD,RD R ͑͒ in Eqs. ͑6͒ and ͑8͒ are replaced by t l 2 · g 0,0 ͑͒ and t r 2 · g 0,0 ͑͒, respectively, where g 0,0 ͑͒ is the contact surface Green's function at the atom ͑on the contact surface͒ which is coupled ͑by t l or t r ͒ to the wire. g 0,0 ͑͒ can be calculated by decimation method and the transmission function is then obtained from Eq. ͑8͒. Figure 2 shows the results of the DOS for bulk and for the first three atomic layers of the Si contact. The high frequency peak for the surface phonon DOS ͕=1 / Im͓g 0,0 ͔͖͑͒ in the absence of SBR ͓Fig. 2͑b͔͒ should be due to those atomic oscillations which cause significant bond deformation. The lower surface phonon frequencies originate from the atomic oscillations which cause comparably smaller bond deformation. Thus, atomic oscillations in directions parallel to the atomic planes ͑which are either parallel or perpendicular to the contact surface ͑0,0,1͒͒ are of high frequencies, while for those atomic oscillations in directions perpendicular to the atomic planes, the frequencies are lower. From Fig. 2͑b͒ , we obtain an important information on the effect of SBR on the surface phonon DOS: The presence of SBR eliminates the high frequency peak ͑at around 92 THz͒ and causes a blue shift for the surface phonon DOS in a sense that the surface phonon DOS is weakened for frequencies less than 20 THz and it is enhanced for frequencies between 20 and 50 THz. The elimination of the high frequency peak at 92 THz by SBR is expected because SBR leads to a discontinuity of bond strength in the normal direction to the contact surface ͓from 0 in the bulk to 0 ͑d i / d 0 ͒ −m near the contact surface͔. This suppresses the high frequency oscillations parallel to the atomic planes which are parallel to the contact surface ͑͑0,0,1͒͒. The blueshift for the surface phonon DOS is due to the strengthened bond strength 0 ͑d i / d 0 ͒ −m among the first three atomic layers near the contact surface. The strengthened bonds near the contact surface raise the frequency of the surface phonons at the contact surface. It is then expected that the surface phonon DOS is weakened for low frequencies and enhanced for higher frequencies, that is, a blueshift for the surface phonon DOS occurs. The disappearance of the high frequency peak at 92 THz in the presence of SBR does not affect the thermal conductance because of the relatively lower oscillation frequencies in the atomic wire. However, the blueshift for lower surface phonon frequencies certainly has a significant effect on phonon transport. If passivation of dangling bonds occurred, the blue shift in surface phonon DOS is weakened. This is because on the silicon contact surface, each silicon atom has two dangling bonds. With the passivation of dangling bonds, the two electrons from each surface silicon atom participate in the two new bonds formed. The bond strength between the surface layer and the second layer is reduced as the attractive force between the two electrons and the Si atoms on the second layer is decreased due to their increased separation. Hence, the effect of SBR on thermal conductance is weakened by passivation of dangling bonds.
Due to the two dimensional periodicity in the direction parallel to the contact surface ͑called the transverse direction͒, Bloch vectors k ជ ʈ exist in that direction. In principle, the contributions to the surface Green's function g 0,0 ͑͒ from various Bloch vectors k ជ ʈ can be calculated by decimation method. We can then determine the contribution of various k ជ ʈ to the coupling ⌫ L ͕͑͒=2IM͓t l 2 g 0,0 ͔͖͑͒ and hence to the Fig. 3͑a͒ , we plot ͑͒ against frequency . We also plot the contribution from various k ជ ʈ to ͑͒ ͓Figs. 3͑b͒-3͑d͔͒. We see from Fig. 3͑a͒ that the blueshift for surface phonon DOS also causes a blueshift for the transmission function, as expected. Figure 3͑b͒ shows that SBR generates a propagating transmission peak at a higher frequency ͑around 50 THz͒ for the incident phonons ͑from deep inside the contact͒ propagating in the normal direction ͑i.e., perpendicular to the contact surface͒ which correspond to k ជ ʈ = 0. This demonstrates that the strengthened bonds near the contact surface by SBR raises the frequency of the incident phonons propagating in the normal direction ͑k ជ ʈ =0͒ toward the contact surface. On the other hand, Fig. 3͑c͒ and Fig. 3͑d͒ tell us that the transmission peaks above 20 THz are enhanced by SBR for the incident phonons propagating in the transverse direction ͑i.e., parallel to the contact surface͒. This demonstrates that strengthened bonds near the contact surface enhance the DOS of the incident phonons propagating in the transverse direction. The surface phonon DOS consists of contributions from incident phonons propagating in the normal and transverse directions. The effect of SBR on the incident phonons shown by Figs. 3͑b͒-3͑d͒ leads to the blue shift for the surface phonon DOS ͓Fig. 2͑b͔͒ or the total transmission function ͓Fig. 3͑a͔͒.
The thermal conductance in a Si atomic wire is calculated from Eqs. ͑6͒-͑8͒ ͑with the regions LD and RD being treated as part of the wire͒. The result is shown in Fig. 4 . We see from the figure that for sufficiently low temperatures, the conductance is slightly decreased in the presence of SBR. 
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This is due to the reduction of the transmission function by SBR for low frequencies which are dominant at low temperatures. We also see from Fig. 4 that for sufficiently high temperature, the thermal conductance is significantly increased by SBR: The saturation value of thermal conductance ͑at high temperature͒ increases by around 30% in the presence of SBR. As we have pointed out above, SBR enhances the transmission function at higher phonon frequencies which are dominant at sufficiently high temperatures. It is then expected that the conductance is increased by SBR for sufficiently high temperatures.
We also calculated the local heat currents between any two atoms in the thermally nonequilibrium region LD in the left contact which is at 300.1 K ͑right contact is at 300 K͒. In Fig. 5 , the atom labeled "1" is coupled to the left end atom of the atomic wire by strength. The deep red heat currents ͑that is, heat currents of considerable magnitude͒ around the atom 1 imply that the temperature gradient mainly exists around the contact interface, as expected. We see from the figure that SBR enhances the thermal current, which is consistent with our previous conclusion. A detailed analysis shows that all the local currents are due to lower frequency phonons. This again is consistent with the fact that the oscillation frequency of the atomic wire is not high ͑much less than 100 THz͒.
For wire with three or more atoms, the wire's phonon frequencies are restricted to the range 0 Ͻ Ͻ m , where m =2 ͱ t m / M ͑M is the mass of a silicon atom͒. For t m = 0.316 eV/ Å 2 ͑Fig. 6͒, m = 21 THz. When SBR is present, the blue shift reduces the transmission probability for the range 0 Ͻ Ͻ 21 THz ͓Fig. 2͑b͔͒. We should expect that the conductance is reduced by SBR. This is consistently shown by Fig. 6 . However, when there are only two atoms in the wire, the wire's phonon frequencies are in the range with m Ͼ 21 THz, where the transmission probability is enhanced by the blue shift. We then conclude that the conductance is increased by SBR and this is consistent with Fig. 6 .
The conductance of the atomic wire is closely relate to the stiffness t m of the wire. When t m is increased, higher phonon frequencies are allowed to transmit through the wire causing the phonon conductance to increase. As is mentioned above, for wire with three or more atoms, the upper limit of Thus, smaller t m restrict the transmission probability leading to smaller conductance. When t m = 0.316 eV/ Å 2 , m = 21 THz. Figure 7 shows that the transmission is nearly zero when Ͼ 21 THz for the case of five atoms. For very small t m , we expect that the conductance is decreased by SBR because the blue shift reduces the transmission probability for sufficiently low frequencies.
Similarly, the coupling t l,r between the wire and the silicon contacts affects the phonon transmission in the wire. Physically, we expect that the larger the t l,r , the higher the incident phonon frequencies that can transmit through the wire. Figure 8 shows that conductance increases when t l,r is increased from very small values, However, sufficiently large t l,r will change the wire's DOS via the self energies ͑due to coupling͒, and this prevents the conductance from being increasing with t l,r . Figure 8 actually shows that conductance will drop first and then approaching to a constant value when t l,r continues to increase.
From the discussions above, we conclude that t m and t l,r behave like a filter for phonon transmission in the wire. For very small t m and t l,r , the conductance is reduced by SBR. In the presence of SBR, surface phonon DOS at the contact surface ͓Fig. 2͑b͔͒ is strongly modified ͑blueshift and disappearance of the very high frequency peak at 92 THz͒. For the case of two atoms in the wire, and for the bond range 0.3 eV/ Å 2 Ͻ t m Ͻ 6.5 eV/ Å 2 and 0.3 eV/ Å 2 Ͻ t r,l , our calculations show that SBR increase the conductance.
IV. CONCLUSION
Using a simplified model for SBR for Si contacts, we obtained important results that provide us physical insight into the effect of SBR of Si contact surfaces on phonon transport in atomic wire. SBR causes a significant change of thermal conductance. The very high frequency phonon transport is suppressed by SBR. Furthermore, the transmissions of incident phonons propagating in the transverse direction ͑parallel to contact surface͒ are enhanced by SBR, and SBR raises the frequency of the incident phonons that propagate in the normal direction ͑perpendicular to contact surface͒. Due to this effect, the transmission function is reduced for low frequencies but enhanced for higher frequencies. That leads to a significant increase in conductance for sufficiently high temperatures. Our investigation shows the importance FIG. 5 . ͑Color online͒ Local heat currents between any two atoms in the region LD for ͑a͒ the case of no SBR, and for ͑b͒ the base of SBR. The magnitude of the local heat currents are represented by red color: Slight red means weak current and deep red means strong current. In black and white print, light means weak current and dark means strong current. 
